Correlative microscopy was applied to study the influence of solids retention time on activated sludge floc structure. Conventional optical microscopy revealed flocs at lower SRTs (4 and 9 days) to be irregular in shape while flocs at higher SRTs (16 and 20 days) had a more spherical and compact structure. Flocs were examined by environmental scanning electron microscopy (ESEM) and by transmission electron microscopy (TEM) coupled with energy-dispersive spectroscopy (EDS). Distinctive differences in floc structure and the arrangement of EPS were revealed. Flocs from higher SRTs were less hydrated and were found to possess a dense EPS layer that covers much of the surface. Extracellular osmiophilic granules present in these flocs indicate that the cells at the higher SRT may produce more lipid-like material. This EPS layer appears to decrease the floc surface roughness and protects the interior cells from disruption by changes in the external environment. Sludge flocs at higher SRTs were found to be physically more stable than those at lower SRTs.
Introduction
Microbial flocs are principally composed of microbial cells, bioorganic (cellular debris and extracellular polymeric substances (EPS)) and inorganic material in a complex matrix (Leppard, 1992; Droppo et al., 1996 and Liss et al., 1996) . EPS form fibrillar structures within the activated sludge floc matrix contributing to binding and bridging mechanisms associated with floc formation and bioflocculation (Urbain et al., 1993; . The relationship between the constituents of EPS and sludge surface properties and biosolids-liquid separation has been less clear. Recent studies (Zita and Hermansson, 1997; Jorand et al., 1998) indicate that surface charge and hydrophobic interactions are significant determinants in bioflocculation and floc stability, and that the type and physical characteristics of EPS are important in biosolids-liquid separations (Houghton and Quarmby, 1999; Liao et al., 2000 and 2001) .
The influence of solids retention time (SRT) on the production of EPS and on the physicochemical properties of flocs was recently investigated using laboratory-scale sequencing batch reactors 2001) . The relationship of surface charge, hydrophobicity, and the EPS content and composition with respect to settleability (sludge volume index (SVI)), bioflocculation (level of effluent suspended solids (ESS)) and bound water content was examined. Hydrophobicity, surface charge and the composition of EPS of sludge, rather than the quantity of EPS, appear to govern bioflocculation. In contrast, the EPS content is more important in controlling the settleability and bound water content of sludge. Less is known of the influence of SRT on floc structure. Microbial floc morphology and floc size distribution have been described in relation to traditional settling indices (e.g. SVI), dewatering properties of biosolids (Eriksson and Hardin, 1984; Liao et al., 2000) and the occurrence of filamentous bacteria (Jenkins et al., 1993) .
In this paper we report on the effect of SRT on floc structure. Microbial flocs were taken from laboratory-scale sequencing batch reactors (SBRs) and examined by correlative microscopy. Conventional optical microscopy (COM) was employed to examine the gross morphology and shape of flocs. Topographical features of fully and partially hydrated flocs were revealed by environmental scanning electron microscopy (ESEM). A four-fold multipreparatory method was applied to examine different ultrastructural features of flocs by transmission electron microscopy (TEM) coupled with energy dispersive spectroscopy.
Methods

Microbial floc samples
Microbial flocs studied were obtained from biomass generated in four parallel laboratoryscale SBRs (effective volume of 2 L each), fed a synthetic wastewater containing glucose and inorganic nutrients. Initially, the SBR system was inoculated with biomass from the aeration tank of an activated sludge plant treating municipal wastewater (Main Treatment Plant, City of Toronto). The reactors were operated at different SRTs (4 to 20 days) for more than a 1-year period. Performance and stable operating conditions of the SBRs at each SRT were determined by monitoring the mixed liquor suspended solids (MLSS), volatile suspended solids (VSS), chemical oxygen demand (COD), effluent suspended solids (ESS), sludge volume index (SVI), and sludge bound water content. Details of the feed composition, operating conditions and performance of the reactors have been described previously 2001) . A period of three to four SRTs was normally required to achieve stable operating conditions in each reactor.
Correlative microscopy
Conventional optical microscopy. To examine the gross structural features (size and shape) of flocs, mixed liquor from the SBRs were placed in a plankton chamber and allowed to settle. Settled flocs were imaged using a Zeiss Axiovert 100 microscope interfaced with an image analysis system (Northern Exposure™ -Empix Imaging, Inc.) This system permits determination of floc morphology and grain-size distributions approaching 2 µm at 100 × magnification (Droppo and Ongley, 1992) .
Environmental scanning electron microscopy. Several drops (approximately 0.3 mL) of mixed liquor from the SBRs were placed directly on stainless steel stubs, which are then fitted into a Peltier stage, cooled to 1°C and viewed in an ElectroScan model 2020 Environmental Scanning Electron Microscope (ElectroScan Corporation, Wilmington, MA, USA) operating at 20 kV. The ESEM chamber pressure was carefully monitored and adjusted to slowly lower the relative humidity within the chamber. This procedure removes enough surface water from the sample to allow observation of topographical views of hydrated flocs. Images of native hydrated flocs and their surface pore structure were archived on disk as TIFF files; dynamic changes during dehydration were recorded on videotape.
Transmission Electron Microscopy (TEM) and Energy Dispersive Spectroscopy (EDS).
Ultrastructural observations of microbial flocs were made by preparing the samples for TEM following the four-fold multi-preparatory technique . Ultrathin sections, for morphological studies (ca. 70 nm) and EDS analysis (ca. 100 nm), produced by sectioning fixed and embedded samples in an ultramicrotome (RMC Ultramicrotome MT-7), were observed in transmission mode (TEM) at an accelerating voltage of 80 kV using a JEOL 1200 EXII TEMSCAN scanning transmission electron microscope (STEM). The scanning mode of the STEM was used to produce a microprobe beam for EDS of individual floc constituents. A Princeton Gamma Tech (PGT) Si(Li) X-ray detector and Imix multichannel analyzer provided spectra of elements with an atomic number greater than 10.
Results and discussion
Floc properties
Microbial flocs described in this study were generated in laboratory-scale sequencing batch reactors (SBRs) fed a synthetic wastewater containing glucose and inorganic salts (Liao et al., 2001 ). There were several unique aspects to this that permitted examination of the influence of SRT on floc properties attributed to floc-forming microorganisms. Shifts in the microbial community, especially overgrowth of filamentous microorganisms, and transient changes in microbial physiology and environmental and operational conditions were minimized. Temperature (28°C) and pH (7.0) were kept constant in order to exclude the effects of these parameters on bioflocculation and settleability. A low inorganic salt concentration (1.5 × 10 -4 mol/L), particularly for Ca 2+ and Mg 2+ , in the feed minimized the effect of chemical flocculation. Table 1 summarizes the relationships between SRT, floc properties and settleability. Sludge surfaces were more hydrophobic and less negatively charged at higher SRTs (16 and 20 days) than at lower SRTs (4 and 9 days). The ratio of proteins to carbohydrates within the EPS of the sludges increased as the SRT increased from 4 to 12 days corresponding to the changes in the physicochemical properties of the sludge. The protein:carbohydrate ratio remained constant at SRTs of 16 and 20 days. A transition in sludge properties appeared to occur between the upper range of low-(9 days) and lower range of high-SRTs. The total EPS content, however, was independent of the SRT. A higher sludge volume index (SVI), an indication of poorer settleability or compression, was associated with a larger amount of total EPS and bound water but no significant correlation between SVI and the surface properties of sludge was observed. A more hydrophobic and less negatively charged surface corresponded to lower levels of ESS or enhanced bioflocculation.
Gross morphology
Conventional optical microscopy (COM) (Figure 1 ) revealed flocs at the lower SRTs (1A) to be irregular in shape. At the higher SRTs (1B), flocs had a more spherical and compact structure. The shape factor for flocs at the lower SRTs was less than 0.2 which corresponds to a more elongated structure. Cells that are growing rapidly and under nutrient rich conditions can give rise to a more complex microcolony and colony morphology but this observation tends to be more anecdotal and has been reported by other investigators (B. Logan, Personal Communication). Reactors operating at lower SRTs (<12 days) tended to have a higher proportion of larger floc. The floc size distribution shifted from large flocs (>400 µm) at a 4 day SRT to smaller flocs (<200 µm) at SRTs greater than 6 days. There were, however, no significant differences in the floc size distribution between reactors running at a 6 day SRT or greater.
Topographic and ultrastructural features of microbial floc
Environmental scanning electron microscopic (ESEM) images of microbial floc are shown in Figure 2 . ESEM permits flocs to be observed without any sample preparation required. These images reveal the topography of the floc surface and only a portion of the entire floc in a partially hydrated state. The flocs from all the reactors contained a highly hydrated EPS matrix. EPS is considered to have a high water-binding capacity (Dugan, 1987; Parsons and Dugan, 1971; Schmitt and Flemming, 1999; Liao et al., 2000) with most of the bound water associated with the EPS. At the lower SRTs (Figures 2A and 2B ), flocs appear more hydrated near the surface. Many more individual cells can be seen protruding from the floc ( Figure 2B ) providing more relief at the surface. When observed by ESEM, the surface of high SRT flocs ( Figures 2C and 2D ) appears different. The surface is less diffuse and although cells can be seen protruding there are many more flat and smooth areas of highly condensed and less hydrated material. This less hydrated material could be seen stretched between larger regions of the floc, between different floc, and the underlying stainless steel stub containing the flocs ( Figure 2D ). Figure 3 illustrates the utrastructural details of flocs revealed by TEM from low SRT and high SRT regimes. There are considerable differences in the floc surface roughness that are also observed in Figure 2 . At an SRT of 4 days, a typical floc surface was dominated by bacterial cells that were partially embedded in a loose EPS matrix ( Figure 3A) . In contrast, at a SRT of 20 days, the floc tended to have much of its surface covered by a more compactly arranged layer of EPS ( Figure 3B ) yielding a smoother surface.
The EPS layer formed at high SRT could protect the interior cells from disruption by changes in the external environment. In addition, a more hydrophobic surface at higher SRTs (16 and 20 days) (Table 1 and Figures 2C and 2D ) could provide stronger van der S.N. Liss et al.
434
A B Figure 1 Unstained microbial flocs observed by conventional optical microscopy. Scale bar, 300 µm. Samples were obtained from laboratory scale sequencing batch reactors operated at a SRT of 4 days (A) (low SRT) and a SRT of 16 days (B) (high SRT)
Waals and/or hydrophobic interactions that govern the stability of sludge flocs. Flocs at the high SRTs (16 and 20 days) were found to be generally more stable than those at lower SRTs (4 and 9 days) when exposed to different conditions (pH, ionic strength, cation valence, urea and ethylenediaminetetraacetate) in suspending solutions (Liao, 2000) . Figures 2C, 2D and 3B provide physical evidence that hydrophobic interactions through the EPS play an important role in controlling adhesion of flocs and cells, particularly at high SRTs Hermansson, 1994 and Liao, 2000) . Physicochemical analysis of microbial flocs (Liao et al., 2001) indicates that SRT can influence the hydrophobic properties of flocs and this correlates to the chemical composition of the EPS matrix. An increased hydrophobicity of sludge flocs appears to be affected by variations in the protein, total carbohydrate, and DNA content in the EPS, and the protein to carbohydrate ratio in particular (Jorand et al., 1998; Liao et al., 2001) . Jorand et al. (1998) reported that the hydrophobic fraction of EPS was largely comprised of protein.
It is possible that the change in hydrophobicity of flocs with respect to SRT could be related to the differences in the amounts of lipids in the slime and capsular layers associated with EPS. Bura (2000) has recently reported a 2-fold increase in the extracellular lipid content of high SRT sludge floc. Osmium tetroxide is a commonly used fixative and stain in electron microscopy (Hayat, 1986) . The primary reaction sites of this fixative are the unsaturated bonds of lipid molecules. The osmiophilic structures observed in this study consisted of many morphotypes with varied characteristics. In some cases the interactions with ruthenium (Ru) and manganese (Mn) can be complex. Although an artifact of the fixation and staining procedures, the presence of these indicates that the cells within the floc and the floc matrix at the higher SRT (Figures 3 and 4 ) may contain more lipid-like material.
The amount of lipids in the EPS matrix has been reported in the range of 13-89% of the total EPS content (Goodwin and Forster, 1985; Bura, 2000) . High lipid concentrations at high SRT are likely attributed to its accumulation in the EPS matrix as a result of cell lysis. Slower growing organisms dominate at the higher SRT, and degradation of lipids would also be slower in relation to other EPS constituents. Hydrolysis of lipids to free fatty acids is a potential rate-limiting step in the metabolism of lipids (Kramer, 1971) , and only low levels of lipase activity have been observed in the EPS matrix (Frølund et al., 1995) . This may account for high concentrations of lipids in EPS and may also explain the more hydrophobic nature of high SRT floc compared with low SRT floc.
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436 Figure 4 Energy dispersive spectra of an osmiophilic structure found in the extracellular matrix of microbial floc at a high solids retention time (16 days). Note that samples were supported on a copper (Cu) grid
Summary
Correlative microscopy reveals considerable detail of the arrangement of cells and EPS within microbial flocs. Such information can be important in describing different structural properties of flocs in relation to contaminant interactions, environmental conditions and settling properties of flocs in wastewater treatment systems. The influence of solids retention time SRT on the EPS, hydrophobicity and surface charge of sludge has been established in well controlled laboratory-scale SBRs fed a synthetic feed consisting of glucose and inorganic salts. The influence of filamentous bacteria and chemical flocculation was minimized. Sludge surfaces were more hydrophobic and less negatively charged at higher SRTs (16 and 20 days) than at lower SRTs (4 and 9 days). Information from structural examination by COM, TEM and ESEM indicate important correlations between the chemical composition of the floc matrix, the physicochemical properties and structural features of the floc. Flocs from higher SRTs were less hydrated and were found to possess a layer of EPS that covers much of the surface. A more hydrophobic surface is observed to provide a mechanism for adhesion of cells and floc. This condensed EPS layer appears to decrease the floc surface roughness and provides a protective coat protecting interior cells from disruption by changes in the external environment, thus contributing to the greater stabililty of sludge flocs at higher SRTs. The presence of osmiophilic particles within the EPS matrix of flocs at the high SRTs supports the hypothesis that, in addition to other EPS constituents, lipids accumulating in the EPS may also be responsible for increased hydrophobicity. From a more practical perspective, the results are also important in revealing the way in which SRT, as a control parameter, can be applied to engineer desired floc properties.
